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THERMAL CONDUCTIVITY OF THE HUMAN EODY
DURING IMMERSION AT THERMAL NEUTRALITY AND
IN A COLD ENVIRONMENT

C. Beoutelier, J. Timbal and J. Ceclin

Introduction %/189

In the equatlon representing the state of thermal stability
of the body in & glven environment :

M - Bp,o = hy (Tre - TS; (1)

(M- HRe ) represents the heat losses from the skin, essentially

aile to convection in the case of {mmersion, (Tre = T ) the temper-
ature difference between the center and the surface of the skin,
assuming the rectal temperature to be the average temperature of
the center, and hb’ a magnitude dependent on the thermal properties
of the tissues which is termed the conductivity or center-periphery
heat exchange coefficient. This coefficient, the inverse of
insulation, is the resultant of various channels which permit the
flow of "heat toward the body surface. Heat 1s transmitted to the
skin by two processes: by conduction through the tissues and
intercellular gaps and by blood convection {(Burton, 1955). The
exchange by conductlon depends on the thermal conductivity of the
various tissues and does not vary with temperature, while the
exchange by blceod convectlion 4ds 'dependent on local blocod flow rates
and is therefore influenced by physical reactions — muscular
activity, vasodilation, vasoconstriction, etc.— which modify them.
As Burton proposes (1955), it may be assumed that these two channels
of exchange operate in parallel, assuming, however, that the /190
exchanges occur 1n only one direc¢tdon perpendicular to the surface
of the body. In this case the conductlivities may be added. Thus,
even though the overall conducth;ty of the body is a practical

¥ :Numbers 1in the margin indicate pagination in the foreign text.



concept for.the analysis of heat exchange, it appears to be an
extremely complex phenomenon, varylng in response to a number of
physical and anatomic factors. It may therefore assume widely
varying valﬁes in a single given subject, depénding on the ambient
conditions and the physical reactions which they provoke, or, from
one subject to thé next, it may differ within a given environment
for anatomic reasons such as the thickness of the subcutaneous
fat. For this reason 1t 1s extremely important to stipulate the
experimental conditions under which the thermal conductivity of
the body has been measured. After an examination of the principle
conductivity measurements given in the literature, we will present
and discuss the results we have obtalned cduring 52 immersion
experiments perffiormed on ten nude subjects immersed in thermally

neutral bhathes:.
II. Review of the Literature

Before entering con this review, we should point out that a
number of investigators, after Burton (1955), consider the skin
temperature to be equal or extremely clese to the water temperature
in immersion experiments. This is an inaccurate assumption, even
with fairly high water flow sutis),.as shown by the experiments of
Lefevre in 1901 and Boutelier in 1973, and which aléo may be
deduced from the physics equations for heat exchange applied to
the human body {Rapp, 1971). In addition, the surface temperatures
vary wilth body region. f These differences are due to ther-
mal fluxes . which vary according to body region, since the shape of
the area has a strong influence on the convection coefflicient.

Thus there is a difference bebtween . | average skin temperature and
watierrtémperature1 whose significance depends on the speed ofithe
current and thé temperature of the bath. To overlook this factor
results in underestimation of the cotfiductivity of the body and

tends to minimizé thé variations in conductivity between indiwiduals.

However, the pattern of evolution of the conductivity in a cold



environment remains unchanged or only slightly changed.

Thé first values for the conductivity of the skin and the
subcutaneous fissue wéré obtained by Lefevre (1901). During
remarkable direct calorimetric experiments, this investigator
measured thé héat loss by the body in bathd  at temperatures of
5, 12, 18, 24 and 30°C, and simultaneously recorded the cutaneodus /191
and subcutaneous temperatures. In thls way he calculated the
conductivity of the skin and that of the subjacent tissue and
showed that the conductivity of the skin decreases as the temper-
ature of the bath drops from 30 to 5°C, but that that of the
subcutaneous tissue sinwiltaneously increases by a factor of sixl
This decrease in the conductivity of the skin can easily be explained
by superficial vasoconstriction, but according to Burton (1955),
the increase in the conductivity of the subcutanecus tissue 1ls more
difficult to interpret. He suggests that stability may not have
been reached, and as a result, there are abnormal temperature
gradients in the peripheral layer which allow for this increase.
However, calculation of the overall conductivity of the periphery
(skin and subcutaneous tissue) using the values given by Lefevre
(Table 1): ,

X h

hperiphery _ hskmn subcutaneous ftissue

" h + h

skin/subcutaneous tissue

shows that the conductivity 1s weakest, Tw/m2 °C,in a 30°C bath.
It then progressively increases with the development of thermo-
genic reactions to combat cold as  the temperature of the bath
decreases. The peripheral conductivity values in the coldes?t
baths: are probably too low, however, since the length of exposure
of the subject is too brief (15 min at 5°C). This evolutive
pattern for conductivity in cold baths was observed by!.Burton and
Bazett (1936), who showed that at a water temperature of approxi-=
mately 33°C, the conductivity reaches a minimum with a value of
7.17 W/m2 °C, and thén.gradually increases for Tower water temperatures
as the oxygén consumption increases. Craig and Dvorak (1966) and

we ourselves (Boutelier et al., 1968) have obtained similar



results durling dimmersion experiments 1in calm water or water agitated
only by shivering. Consequently it may be assumed that the effect
#1Fenassono6f shivering or exercise as a means of defense against
cold is limited by the increase in the heat transfer capacity of
the ‘peripheral zone. Thlsg finding corroborates that of

Keatinge (1960), who has shown that in water at 15°C, excercise
gignificantly aggravates the drop in rectal temperature. Thus
these results indicate that the effectiveness of peripheral
vasoconstrictidéniis quite limited, "since according to Burton and
Bazett (1936), it is unable to prevent amn increase in metabolic
rate in baths at temperatures less than 33°C.

The purpose of cutaneous vasoconstrietion is not only to
reduce heat exchange by blood cenvection, however. The arrangement
of the cutaneous vessels seems to indicate that theilr nutritional
function in regard tofthe structures of the skin is of slight
Importance 1n comparlison with their thermoregulatory functions.
The presence of arterlovenous anastomoses at all levels of the
dermis:-makes it possible for the blood to avold the superficial
capillary layer when the cutaneous arterioles are under vasocon-
striction., If the cold 1s sufficlently intense, the blood
circulation in the skin may be completely shorf=circuited and the
heat exchanges between the center and the skin wlll occur through
the subcutanecus fat. If follows that there may be a wide wvariation
in the conductivities of several subjects placed iniéthe same
environment (Winslow and Herrington, 1%49). Thus in a cold /192
environment the conductlvitles of fat subjects are always lower -
than those of thin subjects. Beckman et al. (1956) have pointed
out that the conductivity h  may vary by a factor of 20 for
various subjJects subjJected to the same cold environment., These
differences are essentially due to variations in the thileckness of
the subcutaneous adipose tlssue, since it is a wildespread finding
that fat men de not increase their heat production as much as thin
men in a given environment. Thus Pugh and Edholim (1955), studying



the physiology of swimmers crossing the English Channel, have
shown that these subjects have an unusually thick layer of
subcutaneous fat and are capable of tolerating lower skin tempera-
tures than thinner subjects. Baker and Farrington (1956) confirm
this observation and point out that in a given environment, the
thicker the cutanecus fold, the lower the surface temperature.
Differences in body fat of between 1 and 19% result in differences
of 0.7°C in rectgl temperature and 3.3°C in  average skin
temperature after two hours of exposure to cold in the air.at 15°C.
Fat subJects have a higher rectal temperature than thin subjects,
but a lower skin temperature. Buskirk et al. (1963), examining
the role of body composition, particularly body fat, in metabolic
response to cold, state that 1In order to determine the critical
water temperature, . 1.e. the temperature below which there is
an increase in oxygen consumption, one must first know the quantity
of subeutanecus fat. The subjective sensation of cold 1s not
changed, however. The minimum rectal temperature is directly
related to the percentage of body fat, whlle the average skin
femperature is in inverse proportion. In a given environment, the
obese subject will thus have a relatively colder surface and a
relatively warmer center than the thin subjeect. These results
negate the opinion of Burton and a number of other investigators
after him, who assume that in water, the skin temperature 1is .
uniform and so close to that of the water that the difference

(TS - Ty O) may be overlooked in calculating the conductivity.
One may éherefore expect differences between local skin temperatures
for a single given subject and differences between the average skin
temperatures of several subjects immersed 1n baths at the same
temperature.///

The importance of the subcutaneous fat in tolerance
to immersion in cold water has been clearly demonstrated by
Cannon and Keatinge (1960). The fattest subjects tested by these
investigators were able to stabilize thelr internal temperature in
baths at 12°C, while stabilization was observed in the thin subJects
only at much higher water temperatures (at least 24°C). Moreover,
Keatinge (1960) has shown there to be a linear relationship between



the drop in rectal temperature and the increase in the temperature
of the skinfold in a group of volunteers immersed for 30
minutes in water at 15°C. However, this investigator points out
that some individual differences in rates of cooling cannot be
explained by different skinfolds, but rather correspond to
more or less intense peripheral ciréulatory reactions. This
finding is comparable to those of Hammel (1963), Rennie et al.
(1962) and Inoue (1972) on the racial differences which may occur
in reactions to cold, elther by adaptation {(Indians, bushmen,
Australian aborigénes, Japanese) or by acclimatization {Korean
diving womew.  Thus Rennie, comparing the reactions of diving
women, Koreans and Americans to different bath temperatures,

has shown that, despite their thinner ~skinfold, the diving

women have a lower critical water temperature (30-31°C) than do
American subjects (men and women). Similarly, Inoue (1972) has
obtained lower critical water temperatures for Japanese than
Americans. It therefore seems that in some cases peripheral
vasoconstriction can reach the superficial part of the muscular
region, which would participate in the insulation of the body.
However, the small skinfold magnitudes measured by these
investigators for extremely low conductivities also seem toO
indicate that a stable state 1s not reached. Inoue, for example,
cites a conductivity of 3.34 w/m2 °c in water at 24.7°C" for a
subject with an adipose layer 6.8 mm thick. This value is lower
than that of men with skinfolds . 27 mm thick (Cannon Keatinge,
1960), or an adipose layer 12.5.mm thick, according to our
estimates. Without wishing to critiédze the interpretation of
vasoconstrietion of the superficial muscular layers, it 1s possible
that the methods of calculating the thickness of the subcutaneous
fat are not completely comparable. The thickness of the subcutan-
eous adipose tissue is estimated by subtracting the thickness of
the dermis and the epidermis from the measurements. Hammel,
Rennie, Stolwijk and Hardy (1966) estimate the average thickness
of the skin to bé 2 mm. This is also the opinion of Bazett and
Mc@Glone (1927}, based on the work of Murchov, who give the

~
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following values for the skin of the thigh and forearm: epidermis
0.04-0.15 mm, epidermis and dermis 1.8-2 mm. However, temperature
measurements which have been performed at various depths beginning
at the skin surface have made it possible to locate a dermal sub-
papillary arterial network at a depth of 1 mm and a large venous
network at— approximately 1.6 mm. Thus we agree with Atkins and

Wyndham (1969) that, rather than allowing for the anatomic divisions

of the skin, it is preferable to conslder a superficial layer 1 rm thick

through  which heat exchange occurs only by conduction, and a
deep layer including part of the dermis and the subcutaneous

adipose tissue, through which heat exchange occurs by conductlion
and blood convection. The average thickness of the sub¢utaneous

fat is therefore given by the formula:
e mm = (average skinfeld - 2)0.5 (2)

The sum total of research on the thermal conductlvity of

the human body during immersion clearly demonstratés the importance

of peripheral circulatory reactiaons and subcutaneous fat in
protecting the body against cold. On the other hand, data on
conductivity in the zone of thermal neutrallty in water are not
very numerous due to the inaccuracies involved in definition of
this zone. According to Burton and Edholm (1955), the water
temperature representing thermal neutrality is 35°C. These
investigators go so far as to state that in order to maintain
thermal equilibrium the water should be at 36°C, at which the

"subject experiences a comfortable sensation of warmth. As criteria

of thermal neutrality, Craig and Dvorak (19€6) use an average
constant body temperature and a leart rate slightly below the heart
rate at rest in air, due to the slight bradycardia caused by
immersion. According to these investigators, the zone of neutral-
ity is between 35 and 35.5°C. However, it should be noted that
their experiments lasted only one hour, after a rest period of only
20 minutes at the laboratory temperature. Thus these subjécts did
not reach a stable state. As a result, the conductivity values

/194



given in the literature are 39.14 W/m2 °C according to Craig and
Dvorak and 20.9 to 31.4 W/m° °c according to Rennie (Table 1).
These values are relatively high and are observed in#air only in

individuals subjected to hot environments. The observations :of«
these invéstigators may have been partially distorted due to an
insufficient preliminary rest period (20 minutes, rather than the
usual 90 minutesL,resulting in an -erroneous interpretation of the
slight drop in rectal. temperature in baths at temperatures slightly
below 35°C. It was for this reason that we determined the zone of
thermal neutrality in agitated water, using 11 fasting subjects
after a rest period of 90 minutes in a reclining positaon in air
at a temperature in the vicinity of thermal neutrality (Boutelier
et al., 1971). The criteria chosen were as follows: constant
metabolism, equal or extremely close to that measured in air
after 90 minutes of rest in a reclihing position: 44 to 46 W/mz;
a drop of no more than 0.25 to 0.30°C “ih rectal temperature
during the first two hours of immersion, this temperature subse~
guently remaining constant at 36.7 to 36.8°C; a normal distribution
of'local skin temperatires such as that described by Winslow and
Herrington (1949); and a linear relationship with a gradient of 1
between the average skin temperature and the temperature of the
water. This relationship is drawn from the Newtonian equation,
which, assuming the body to be completely immersed, may be stated as
follows:

T =T

5 HQO

+ C/n, (3}
Under these conditions, the thermal conductivity should be

close to that obtained in air: 14-15 W/m2 °C. The results

obtained in 30 experiments show that the zone of thermal neutrality

in water ranges from 33-34°C for all water flow rates. Thus the

"thermal profile™ of man is %s follows: T, = 36.7-36.8°C, TS =

34 £0,10°C, M = 48 £ 1.7 W/n® and b = 16,7 * 0.9 W/m® °C. These

values may vary slightly with the physical condition of the subject,

especially his/her age. The quantity of subcutaneous adipose tissue-



_TABLE 1. BODY CONDUCTIVITIES FCR SUBJECTS UNDER

IMMERSION AS GIVEN IN THE LITERATURE

/194

Obsérvations

Investigator TH 0 °C Thickness of : Pg,
2 subcutaneous W/m= ©°C
...... TT.AA::..ff[.ffffffatfiﬁﬂmm[......
Lefevre (1901) 5 14.13 Values calculated
12 8.23 from the conductivi-
18 11.33 " ties of the skin and
ol g.4g -subcutaneous tissue.
30 A
Burton et al. 33 7.17% TA
(1936} . 36 36.96%
Carlson et al. 10 2.56 Minimum conductivity
(1958) observed in an obese
subject.
Cannon and 12.5 12.5 4, 13% The thickness of the
Keatinge 16 B.gl1* adipose tissue was
(1960) 28 2.35 10.26% calculated on the basis
33 2.25 14, 54% nof measurements of the
4 . .skinfold.
Rennie et al. , 33 . 6.5 10.46% N . .
(1962) 35 - 6.5 20.93% WhittécAmericans. (5 7]
33 1.5 17. 4% subjects).
35 1.5 31.4 Eskimos.
® .
Rennie et al. gg 3-9 1832* Angixz'lcag.meg and women
(1962) 30 2.2 9.10¥ subjects)
31 §.ou# Diving women (6 subjects)
Craig and Dvorak 24 5.4 & 1.4 10.47%  Averages for 10 subjects
(1966) 26 11.40% immersed for one hg)ur
28 11.98%
30 11.05%
32 13.60%
34 21.28%
35 39.40%
Bouteller et al. 20°C # 10 ~437T Minimum conductivity
(1968) of a fat subject
18 11.86 Average of 5 subjects
e 2527200 L -8.60. ~Average of 11 subjects
 33=34°C 16,7+0.9: ' ' B
- 28,7 6.8 ' 3, 34% One-hour tests performed
Inoue (1972) 27.1 5.1 6.32% in the summer on
30.5 2.5 10.07% Japanese subjects
30.5 1 7.75%
30.6 1.3 7.50%
31.5 2.3 - 9.85¢%
31.9 1.2

, 31, ) . 8.51%
* The values marked with an asterisk are values calcu?ated by dividing the heat loss

of the body by the center-water temperature difference,

G



does not seem to have any éffect, on the other hand. This finding

is in agreement with that of Cannon and Keatinge (1960), who

Observed that the threshold water témperature at which the metabolic

rate begins to increase is the same for fat subjects as for thin

subjects. One may therefore assume that at thermal neutrality,

heat exchange by conduction through the subcutaneous adipose

tissue is extremely s8light in comparison with the exchange by

blood convection within the dermis. The peripheral circulatdon

short-circuits the subcutaneous fat to some extent, by means of the

arteries which pass through: it to feed the dermal arteriolar

plexuses. /196
This review of the literature shows that the values obtalned for

the thermal conductivity of the body as a function of water

temperature are widely scattered, both in the zone of thermal

neutrality and in a cold environment. In regard to the zone of

thermal neutrality, the scattering basically depends on differences in

En-:the neutrality criteria used by different investigators. In a

cold environment, although a rough appreoximation of the conductivity

variations given by Burton is obtained, the values may remain the same

or vary by a factor &f two or more for the same water temperature.

Different experimental conditions, the variability between indiwvisz

duals and racial differences seem to be the causes of this scatter-

ing, which makeg it difficuidt €o interpret the results and use

these values to design models. For this reason we have undertaken

a aystematic study of the thermal conductivity of the body on ten

nude subjects, the results of which will be presented and discussed

below.
III. Experiment
A. Method

The immersion tests were performed in the morning, using

the following protocol: having fasted since the preceding evening,

10



the subject, wearing swimming trunks, was placed at rest in a
reclining positilon in agltated water at a neutral temperature (33.2
+ 0.1°C) for 90 minutes. The temperature of the bath was then
decreased as quickly as possiblé to the temperature chosen for the
experiment -~ 32, 31, 28, 26 or 24°C -- and kept at this level for
120 minutes. Body temperatures f(ten skin temperatures and the
rectal temperature) were recorded once a minute from the beginning
of the experiment. The metabolism was measured once every ten
minutes, counting from the 60th minute of rest, by the analysis of
exhaled gases sampled for four minutes. Ten subJects were used;
their biometric characteristics are given in Table 2.

TABLE 2. BIOMETRIC CHARACTERISTICS
OF SUBJECTS

Subject Weight | Height |Surface| Skin-. |Thick-
A : area fold |ness of
B ' subcu-
taneous
— S . PR J— - R e ——— - .... — fat
.k m LT THIT T
A a6 40 1,71 1,92 20,4 0,2
Vo ... 30 HIw T 1,93 198 5.9
Yoo 25 73 173 1.80 16,6 7
Baonnn. 23 71,7 1.70 1.89 159 6,05
Bo.o.ooo... 34 778 1,71 - 1.3 12,0 5,45
Lo, 24 (2.5 1,64 1.07 1.6 A8
St 7 72.8 1,70 184 1,0 5
Roo'ooenon, 30 724 1.78 U P10 4.5
Mt .o 23 691 171 12 i 1.65
Ja oo 24 555 1.74 1.66 4.5 1.25

B. Experimental Results

Two conductivities were calculated, one for the immersed part
of the body,'hbim, and other for the entire beody, hb' We felt this
was necessary since in cold water one generally observes '+
vasodilation in the non-immersed surface, while theré is
complete peripheral vasoconstriction over thé rest of the body.

11
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At ithermal neutrality, the mean h,, = was 14,83 + 1.91 Whm2 °C,
and hb was 16.09 * 1,89 W/m2/°c. The latter value was not
statistically different from that given in Table 1, obtalned from
another group of subjects. As in the tests for determination of /198
the thermal neutrality zoné, there does not seem to be any
difference between fat subjécts and thin subjects. The quantity
of heat furnished to the skin by metabolism was 46.17 # 4.7 W/mg,
the rectal temperature was 36.79 + 0.23°C, and the average skin

temperature was-33.92 * 0.17°C.

hbim [w/m? ec)

. Ty, (*C)
b et e e ' L
25 10 3

Fig. 1. Variations in the heat transfer
coefficient of the body as a function of
water temperature.

In a cold environment, the evolution of the thermal conducti-
vity as a function of water temperature may be broken down 1infto two
parts: a zone of rapid decrease to neutrality ranging to 30 or' 31°C-
for most of the subjects, and a zone of stabilization or increase,
depending on the quantity of adipose tissue (Figs 1).

12



In the zone of decrease, a significant linear relationship
between conductivity and water temperature was found 1n seven out
of ten subjects. This. could not be observed in the other three

subjects, either because h, reached a minimum value in a 31°C

bath (thin subject) or becguse this minimum value could not be
determined accurately. The water temperature in which minimum
conductivity was observed depended on the thickness of the skin-
fold, but there were varliations between individuals which may be
attributed to more or less intense circulatory reactions. Further-
more, the minimum valués fO?'the overall conductivity h. and the

b

conductivity of the immersed part of the body hb depended on the

1.1
thickness of the subcutancus fat eg, expressed in mm, as shown by
the following relatlonships:

-0.873 eg + 14.65 r

-0.847 eg + 13.89 =»

10 ()
10 (5)

0.89 n
.91 n

=
I

1]
H

=
Il

bim

These relationships are significant at p < 0.01, Within the
water temperature range in which conduetivity decreased, it
was not possible to discover any relationship between the heat
losses from the skin (M - HRes) and the conductivity.

For baths whose temperature was between 30 or 31°C and 24°C,
there was no significant relationship between conductivity and water
temperature for five subjects out of ten and the conductivity
remained at its minimum value. However, for the three thinnest
subjects the conductivity inereased significantly as the tempera-
ture of the water was lowered, while for two other subjects it
decreagsed slightly. In addition, in only four subjects there was
a significant linear relationship between conductivity and heat
losses through the skin, but the gradients of these relationships
were guite weak for the two Subjects with fhick adipose tissue
(subjects Id and Le). Finally, a comparison of the conductivities
for different subjects in a single environment shows the conductivity

of thin subijects is alwayvs much higher than that of fat subjects.

13



IV. Discussion

One may be surprised at the lack oflany relatianship between
conductivity and heat losses in the temperature zone between
thermal neutrality and 30 or 31°C, since according to the equation /199
b (equation 1), this coefficient should be a funcfion
of (M - Hre;) and (Tre - TS)} However, the heat losses through
the skin are virtually constant and roughly equal to the measured
values obtained at thermal neutrality (Boutelier, 1973); the same
is true of (M - H S) since there is a heat balance. The

re -
conductivity must therefore be inversely proportional to (Tré_ TS).

“Within this water temperature range, the variations in rectal

for computing h

temperature of most of the subjects were slight in comparison to
that of the average skin temperature., The decrease in average
skin temperature was 13-14 times greater, for example, than that
of the rectal temperature between thermal neutrality and a 31°C
bath. It follws that hb must be primarily a function of the
varié%ions in TS,-and thus of the water temperature, since there
0.0 (Boutelier, 1973).

However, the relationship between conductivity and amrbient temper-

is a linear relationship between TS and T

ature may be interpreted differently. The body may be said to
combat the decrease in ambient femperature by reducing its conduct-
ivity by means of peripheral vasoconstriction, without ‘falling
back on an ' increase in metabolic rate entailing heat losses, and
consequently without producing shivering. This c¢irculatory regu-
lation is progressive, but 1t qulckly reaches a maximum, since the
water temperature range within which it operates is quite
restricted: "33.5 to approximately 30 °C. This range depends on the
thickness of the subcutanecus adipose tissue, The thinner this
layer, the narrower the zone within which this regulation occurs.

In the water temperature zone ranging from 30 to 24°C0, the

econductivity remains at its minimum level or undergoes little

variation for subjects whose adipose tissue - 15 thicker than

14



approximately 4 mm. Thus the conductivity 1s not related to
TH 0 TS or (TPe - Ts), nor 1s it related to heat loss. This
stgbility can be explained only by a variation in heat losses
propertional to the variation in the difference (Tre - TS), that
is, in TS, since the variation in TS from 1ts value at neutrality
and the value it reached within this water temperature range 1s
12-15 times greater than that of the rectal temperature. The rectal
temperature of these subjects scarcely wvaries from its value: at
thermal neutrality, due to its increase in the transitional period.
On the other hand, the significant increase in conductivity in
thin subjects is due to an increase in heat losses which is greater

than the increase in the difference (Tr - TS), since the dreop in

e
rectal temperature tends to reduce the center-periphery temperature

difference.

The variations in thermal conductivity of the body reveal the
essentlal role of peripheral vasoconstriction ahd subcutaneous
fat, a fact which has alreadybealpohﬁedouébyai number of I1nvestiga-
tors. One 1s temp&ed to state that hb
peripheral circulafory phenomena and that its minimum value

provides a direct picture of

corresponds to maximum vasoconstriction. However, it is difficult
to explain its considerable increase in thin subjects by superficial
vasodilation, since this has hot been observed. One may therefore
assume, with Lefevre (1901), that this increase is due to a signi- /200
ficant 1ncrease in muscular conductivity provoked by ititense shiver-
ing. In other words, one can assume the body to be composed of
three main compartments (Fig. 2): a center cénéiﬁting of the
viscera and the skeleton, a muscular zﬁne and & pgripherﬁ;including
the subcutaneous fat and the skin, reduced to the epidermis and

part of the dermlsgr a thickness of approximately 1 mm. Three

heat transfer coeffilcients are associated with these compartments:
hn for the center, hm for the muscle and hs.g for the periphery.

The coefficient hb represents a c¢ombination of these three conduc-
tivities, and a constant or minimum value for this conductivity does
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not mean that the elements which make it up are constant or
minimum alsc. Thorough study of these variations 1s possible,
therefore, only if the average temperatures and heat outputs of
each of these regions are known. However, some idea of the vari-

‘m
obtained by assuming that the heat flow in each region is perpen-

ations in overall center-muscular region conductivity hrl may be

dicular to the surface and that the heat output in the peripheral
zone and the decrease 1n area from the skin to the superficial
muscular region are negligible. At thermal neutrality, the sub-
cutaneous adipose tissue is virtually short-circuited, since there
is no appreciahle difference in hb from one subject to the next.

The peripheral conductivity is therefore reduced to the conductivity
of the wet skin hs' The heat furnished by metabolism is transmitted
by blood convection to the level of the subpapillary or arterial
plexus, untll it reaches the uppermost layer of the skin, through
which it passes by conduction. Since the thermal resistances of

these two regions are in series, one may write:

; \ 6
b, = s % Do flbs - Baomea ) (6)
from which the following may be derived:
[ B, = be % hu [(hebn,)
(7)
B, nl pruieaes s baons muscul airi
C e e 3 a -
dr‘-:‘, Ierive eﬁl,js e
/ e 7 ’
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Fig., 2, Diagram showing the various zones of the body
with their conductivities and average temperatures.

Key. a. Peripheral zone; b. Muscular zone; c. Dermis;
e. Epidermis; ‘nqucutaneous fa

16



Within the water temperature range 1n which losses are roughly
constant, h_ varies only as a function of the variations in /201
average skin temperature. One " may therefore assume that only the

peripheral component of h, varies and that hn'm remains stable at

b
1ts neutrality value, since the metabolism does nbt increase. The

peripheral conductivity 1’1"5.g is therefore given by the equation:

l (8)

This type of calculation may be -used to determine the
significance of the peripheral vascconstriction, based on the data
given by Bazett and McGlone (1927). When peripheral vasoconstriction
is complete, h's.g reaches 1ts minimum wvalue hs-g , which depends
on Lthe thickness of the subcutaneous fat, and the only variable
element in h,_ is hn-m’” which can be determined by means of the

b
equation:

(9)

b ==l 5 gl - i)

To solve these equations it 1s 'nmecessary to know the conduc-
tivities of the skin hS and the subcutaneous fat hg, based on the
thermal cconductivity measurements of these tissues given in the
literature. In accordance with the work of Lefevre (1901), Burton
{1955), Buettener (1951), Hensel and Bender (1956), and Lipkin and
Hardy (1954), the thermal conductivity of living, non-irrigated
skin a maximum of &4 mm thieck may be assuﬁed to fall between 0.293
and 0.335 me/m2/°c. During imﬁefsion this conductivity is
undoubtedly meodifled by imbibition by the stratum corneum, and thus
we have assumed a conductivity of 322 w/m2/°C for the superficial
part of Gthe skin (1 mm thick). Furthermore, the average conducti-
Gityrof fat*is 0.209 W/m2/°c (Hardy and Soderstrom, 1938;:Hatfield
and Pugh, 1951). Using these values and knowing the thickness of
the subcutaneous fat, it is possible to calculate the minimum
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Peripheral conductivity hs-g:

h. .. _.h

- h_ x hg/(hs + hg) (10)

Such calculations show that the peripheral conductivity
decreases by a faetor of 15.7 in a fat subject (subeutaneous fat
9.2 mm thick), while it decreases by a factor of only three in a
thin subject (subcutaneous fat 1.25 mm thick) in the change from
thermal neutrality to the state of maxlmum peripheral vasoconstric-
tion., 1In addition, the variations in the components of the overall
conductivity of the body with water temperature may be analyzed by
solving equations 7-9. Fig. 3 shows thelr variatilons and that of
the total conductivity hg for three subjects with skinfolds
of different thickness. It may be noted that the minimum hb
coincides with the minimum peripheral conductivity hs_g only in the
thin subject (curve 3). In the other two subjects (curves lnand
2), hs_g reaches & minimum at a higher water temperature (30-
32°C) than that at which the minimum h/ is observed. This
indicates that the conductivity of the cenfer-muscular region de-
creases when hs,g has reached its minimum value. The evolution
of this conductivity is characterized by a decrease whilch 1s
stronger as the subcutaneous adipose tissue is more developed,
followed by an increase which 1s especially sharp in thin subjects.
Thus in subject Ja (curve 3}, h, ., 1ncreases 33% in a 26°C bath,
while in subject Po (curwe 1) it is still 37% lower than 1ts value
at neutrality. It should alsc be pcintéd out that with an equal
thermal load, the same evolutioh in this partial conductivity is
observed in both fat and thin subjects. Plotting the variations
of conductivity as a function of water temperature merely reveals
the fact that, at.a given water temerature, the heat loss by a
fat subject is not as high as that of a thin subject. In a 26eC
bath, for example, subject Ja lost 166 W/m2 while subject Po
lost only Tl W/mg,
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Fig. 3. E¥otution of partial conductivities of a fat
subject (1), a medium-weight subjJect (2), and a thln

subject (3) as a function of vbath temperature.

It should be noted that the minimum h_ does not
correspond to the minimum hs-g' One may alsg note the

decrease in hppm, followed by its 1ncfease, which was

especially fast in the thin subject.

Key. a. Fat subject: PGCy £.20mm | !
b. Average-weight subject: P.C. = 11 mm
¢, Thin subject: P.C. = 4.5 mm

The decrease in center-muscular region conductivity may be

interpreted as the result of cooling of the muscular areas closest

to the surface and the storage of heat in the center,

provoked by

the peripheral vasoconstriction. These two facfors help to raise
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the temperature difference "between the céntér and the surface of
the muscles, and the increase in metabolism and muscular conduc-
tivity is insufficlent to compensate for this phenomenon. It
therefore appears that the superficial muscular cooling singled
out as a racial characteristic in adaptation to cold (Innouej
1972) may also be found in non-adapted European subjects. The
increase in conductivity hnm_for high heat losses may be explained
by a significant inerease in metabolism, blood circulation in the
most active muscular reglon, and a lowering of "the temperature
difference between the centér and the muscular surface due to

the heat deficit in +bthe center. This is observed in thin
subjects at much higher bath:temperatures than in fat subjects,
due to the weak protection provided by the peripheral zone and to

the heat deficit occurring in the center.
V. Conclusdon
This report has revealed the followlng findings:

At thermal neutrality in water, the thermal conductivity of
the body is close to that observed in air and variations between
individuals are slight.? The quantity of subcutaneous adipose

tissue does not seem to have any detectable effect.

In cold water, the conductivity of the body decreases rapidly
under the influence of déutaneous vasoconstriction, which interposes
the insulating layer represented by the subcutaneous fat between
the center and the surface of the body. As a result, conductivity
varies widely from one subject to the next and depends on the
thickness of this layer, ’

An analysis of variations in the varlous components of the
overall conductivity as a function of water temperature shows that

cutaneous vasoconstriction alone has a limited effect. The cooling
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reaches the most superficial region of the muscles, which ~ /204

contribute to the peripheral insulatiocn, a phenomenon which had
previously been considered a characteristic of adaptation to cold.

The increase 1n conductivity noted especially in thin subjects
is due to an increase in the conductivity of the center-muscular
region zone. probably produced by increased circulatién and increased

heat output, primarily in the muscles.

Given the complex nature of the thermal conductivity of the
body, 1t seems hazardous to try to obtain an index of the: peri-
pheral circulation from'cohductiﬁity-variations‘in a
cold environment. With knowledge of the variations in partial
conductivities as a function of thermal load, it should be possible
to perform additional deep temperature measirements (muscular and
subcutaneous) to evaluate the convection component due to the

blood ecirculation in different areas.
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